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ABSTRACT 
This thesis investigates the uses of time-domain thermoreflectance (TDTR) to map the 
thermal conductivity of SiC/SiC composites that are being considered for use as replacement 
materials in current light-water reactors (LWR), and also as materials for use in next generation 
nuclear reactors. The thermonuclear properties of the SiC/SiC composites can be tuned to 
particular situations by varying how the composite is formed. To this end, computational methods 
are used to predict the properties of these composites. However, currently these methods only take 
into account the thermal properties of the constituent components of the composite prior to being 
integrated, potentially missing information on how the thermal properties of the components 
change post-composite-integration. Additionally, they do not take into account the interfacial 
thermal conductance between the fiber, interphase, and matrix, and the interphase is typically 
calculated based on the through-plane thermal conductivity of the matrix, if it is calculated at all. 
This thesis uses TDTR to map Hi-Nicalon Type S fiber, CVI matrix SiC/SiC composites, enabling 
the measurement additional thermal information than can be obtained by measuring the matrix or 
fibers of a composite individually. The thermal conductivity of the interphase is also measured. 
Crystalline 6H and 4H SiC wafers have their thermal conductivity measured using TDTR, and 
their phases are confirmed through Raman spectroscopy. The effects of irradiation on SiC is 
investigated by using TDTR mapping to measure the thermal conductivity of a 6H SiC wafer that 
has been implanted with He ions. 
Additional uses of TDTR mapping are explored by measuring the thermal conductivity of 
hybrid superlattice structures, and beam offset measurements are used to measure the in-plane 
thermal conductivity of a MEMS infrared detector device. 
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CHAPTER 1 
SIC/SIC COMPOSITES FOR NUCLEAR USE 
1.1 SiC/SiC Nuclear Reactor Requirements 
Silicon carbide has long been studied as a potential material for use in nuclear reactors. 
However, it has been found to exhibit a drastic decrease in fracture strength under irradiation levels 
expected to be encountered in a nuclear reactor [1], making in an unacceptable material for such 
use. More recently, the possibilities of SiC/SiC composites for use in nuclear reactors has been 
discovered. Today, they are considered necessary or highly desirable for use in High Temperature 
Gas-cooler Reactors, and are considered to be highly desirable for use in light water reactors 
(LWR)[2]. Their use in LWR have been especially considered since the search for a replacement 
for zircaloy fuel claddings began. The zircaloy fuel cladding used in LWR has been found to 
release hydrogen when reacting with steam, which is thought to be a large reason for the power 
plant explosion in Fukushima, Japan in 2011 [3]. The improved safety of SiC/SiC composites over 
zircaloy for fuel cladding is due to them having a low rate of oxidation when exposed to steam at 
high pressures [4] [5]. 
Currently, the most popular and successful SiC/SiC composites are made with a CVI SiC 
matrix and Nicalon Type-S fibers [6]. Hi-Nicalon Type S fibers are beta-SiC manufactured using 
decarbonization in a near-oxygen-free environment. They exhibit excellent creep resistance and 
radiation tolerance, making them mechanically ideal candidates for use in nuclear reactors. 
However, an area of concern for these composites is their thermal conductivity under irradiation 
at operating temperature. While generally the thermal conductivity of SiC is well understood, the 
role of the interphase material in the overall thermal behavior of a composite is not well understood, 
and is an active area of study [7]. 
Currently, research is aimed at producing design codes and standards for SiC/SiC 
composites for use in structures with various thermal conductivity requirements. There are three 
“blanket structures” for use in various nuclear reactors that SiC composites are being considered 
for, with the self-cooled lead-lithium (SCLL) blanket design type being considered the most likely 
candidate moving forward. One recent design is the ARIES-ACT1 SCLL model, which removes 
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the gas tightness requirement for the SiC/SiC composite wall and narrows the operating 
temperature window compared to previous designs. This design requires the composite to have a 
transverse thermal conductivity of 10 W m-1 K-1 in 600°C operation temperature reactors, and of 
20 W m-1 K-1 in 1000°C operation temperature reactors [2]. These requirements also must take 
into consideration the effect of radiation on the SiC. In SiC, thermal conductivity rapidly drops 
due to radiation, since phonons are the primary contributor of thermal conductivity in it. Radiation 
predominantly introduces point defects to SiC, and these point defects are proportional to the 
thermal resistance in SiC [8][9]. However, how this influences the thermal conductivity of SiC 
composites is an area of uncertainty, and is actively being studied. 
Under typical operating conditions in LWR, SiC composites are expected to endure 
radiation on the order of 0.5-1.5 DPA (the number of times on average that an atom in the 
composite is displaced during irradiation) [10]. The most promising interphase material for use in 
SiC/SiC composites is pyrolytic carbon (PyC) or multilayered PyC/SiC, which is particularly 
resistant to irradiation effects [11]. The effects of irradiation on the properties of SiC saturate early 
at about 1 DPA, with the thermal conductivity saturating between 0.01 and 0.1 DPA [10]. SiC 
tends to undergo swelling rather than creep, which is due to Frenkel defect buildup in temperature 
ranges relevant to nuclear applications [12]. Thermal defect resistance increases approximately 
linearly with swelling [13], and generally swelling measurements is used as a tool to analyze the 
number of irradiation induced defects in a SiC sample [14]. 
1.2 Thermomechanical Composite Modeling 
The design of SiC/SiC composites can be altered to tune their properties for use in a 
particular application. The most commonly used composite structure for nuclear reactors is a fiber 
cross hatching structure, which includes both longitudinal and axial fibers, interwoven in bundles. 
The tensile strength of a composite is primarily determined by the volume fraction of longitudinal 
fibers, while high transverse thermal conductivity is increased with an increasing volume fraction 
of axial fibers [15][16]. Creating a composite which works for the application at hand is a matter 
of balancing the mechanical strength and thermal conductivity of the composite by adjusting these 
parameters. To find the ideal composite for a given scenario, computer modeling of the composite 
is used. For the replacement of zircaloy materials as fuel cladding in LWR reactors, the component 
being replaced is a thin walled and ~4 meters long tube [15], and the temperature gradient that it 
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experiences from wall to wall is 100 K. Its operating temperature is between 300°C and 500°C, 
and its lifetime in use is 4.5 years. 
Thermomechanical models for ceramic composites is an active area of study, and has been 
actively researched as early as 1986 [17]. An early success in optimizing the thermal conductivity 
of a SiC/SiC composite was accomplished using the Hasselman-Johnson, Markworth, and 3-
Square model [18]. While these methods took into account the thermal conductivity of the matrix, 
fiber, and interphase to arrive at a model of the composite, it omitted key thermal data as its inputs 
and failed to address mechanical parameters that are important to know for use in nuclear scenarios. 
Today, a widely-used model is the Eshelby-Mori-Tanaka approach (EMTA), which takes into 
account the thermal properties of the fiber, matrix and interphase, the fiber volume fraction and 
orientation, as well as the interfacial thermal conductance between fiber and matrix, and is also 
able to connect the thermal conductivity of the composite with its elastic stiffness [7]. 
This thesis focuses on improving the data that is used as input for thermomechanical 
composite modeling. Current modeling approaches involve measuring the effective thermal 
conductivity of the composite, as well as the thermal conductivity of the fiber and matrix materials, 
before they are formed together into the composite. From this data, the thermal conductivity of the 
interphase material and fiber/matrix thermal conductance are computed numerically [7][5] [19]. 
This method does not take into account the possibility of the matrix or fiber having an 
altered thermal conductivity post-composite-processing, nor does it use the thermal properties of 
the interphase itself as an input. Using time-domain thermoreflectance (TDTR), I am able to gather 
the thermal conductivity of the constituent components of the composite post-formation, including 
the thermal conductivity of the interphase material. Additionally, the interfacial thermal 
conductance between fiber and interphase, and in turn interphase and matrix, can be estimated 
using TDTR. These parameters are currently not included in the widely used composite models, 
but material interfaces can have a large effect on the thermal conductivity of a given material. 
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CHAPTER 2 
 THE TDTR METHOD 
2.1 Theory and Experimental Setup 
Time-domain Thermoreflectance (TDTR) is an optical, nondestructive method for 
measuring the thermal conductivity of materials [20]. TDTR is a pump-probe laser measurement 
technique. The probe beam strikes a sample, and the pump beam, delayed relative to it, is reflected 
off of the sample and has its intensity recorded. The thermoreflectance coefficient dR/dT K-1 of 
the sample is proportional to the change in reflectivity the material experiences when changing 
temperature. By measuring the change in reflectance in the probe beam at many delay times, a 
picture is generated of how the heat in the sample dissipates over picosecond time delays. 
 
Figure 2.1: TDTR time delay data between 100 ps and 3600 ps of an SiO2 substrate with a 65 nm 
NbV transducer (dots), with its model fit (dashed). 
The thermoreflectance coefficient tends to be small for most materials, and so a transducer 
which has a high thermoreflectance coefficient must be applied to the surface of the samples. 
Additionally, the transducer must have a large reflectivity for the wavelength of laser used in the 
measurements, and it must be optically thick, so that the laser signal does not reflect from the 
sample itself and interfere with the measurement. Based on these requirements, Aluminum is the 
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best choice of transducer for measurements taken with a laser wavelength of 783 nm, which is 
what is used for the majority of this thesis [21]. It is optically thick at approximately 40 nm, has a 
high thermoreflectance coefficient, and has a high reflectivity for light at the laser’s wavelength. 
Our experimental set up is a two-tint method, where the pump and probe beams are split 
based on laser wavelength [22]. The laser used is a Ti:Sapphire laser mode locked at a repetition 
rate of 80 MHz, with a <1 ps pulse width. It is set to a wavelength of 783nm, and is split into a 
pump path (<783 nm) and a probe path (>783 nm) using sharp edge filters. The pump beam is 
modulated by an EOM at frequency which I control. For a standard measurement I use 10.1 MHz, 
as a modulation frequency at approximately 10 MHz is optimal for most measurements [23]. The 
probe beam is modulated by an optical chopper at 200 Hz to suppress coherent pickup during data 
collection. The pump beam’s path is lengthened by a delay stage before recombining with the 
probe beam and striking the sample. Both beams are reflected off the sample and are passed 
through one final steep pass filter to remove the pump beam signal before the probe beam intensity 
is recorded by a photodiode detector. 
The photodiode passes its signal through a RLC band-pass filter, which is designed to be 
the same as the modulation frequency of the EOM. In practice, the RLC filter is designed first and 
its maximum pass-through frequency is tested, and the EOM is in turn set to the frequency of the 
filter. This works to eliminates noise and removes the effects of higher harmonics present in the 
signal. The signal is then amplified and sent to a lock-in amplifier, which outputs the signal in an 
in phase and out of phase signal relative to the set EOM frequency.  
To find the thermal conductivity of a sample, a theoretical model is fit to the data. The 
model is a 1D heat transfer model that consists of the layers of the measured sample, plus 2D 
interfaces between each of them. For each layer, the heat capacity, thermal conductivity, and 
thickness is taken into account. Typically, only two parameters are fitted at once - the thermal 
conductivity of the sample and the interfacial thermal conductance between the transducer and the 
sample. 
For measurements, the phase of the lock-in amplifier is set so that the out of phase signal 
is constant when the time delay crosses 𝑡𝑡 = 0, as the model analysis assumes this is so. When 
analyzing the data, the in-phase signal is divided by the out of phase signal to get the ratio of the 
measurement. This reduces effects of error in the experiment, and is analyzed as described in [24]. 
The only data which is fit is the data from 100 ps to the end of the data set. Measurements in this 
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thesis are taken to 3600 ps. The starting time is selected as an upper bound for when the electron 
and phonon populations have coupled. 
It is recommended to keep steady state heating under 30 K to get accurate results using 
TDTR. The measurements in this thesis, the steady state heating is kept under 8 K. The per pulse 
temperature rise can be estimated with ∆𝑇𝑇 ≅ 𝑄𝑄
𝜌𝜌𝑐𝑐𝑝𝑝𝑑𝑑
 , where 𝑄𝑄 is the energy of the laser pulse in 
joules, 𝜌𝜌 is the density of the material, 𝑐𝑐𝑝𝑝 is the heat capacity, and 𝑑𝑑 is the absorption depth of the 
material for the laser wavelength. 
 
Figure 2.2: Three acoustic echoes from the short time delay data of a TDTR measurement on an 
SiO2 substrate with an NbV transducer. Each peak is an equal 23 ps apart from one another, 
indicating a transducer thickness of 75 nm, using the acoustic velocity of NbV to be 5.4 nm/ps and 
adding 3 nm to account for oxidation. 
 
The short time delay data is used to measure the thickness of the transducer. There is a 
peak in the measured signal due to a portion of the laser impulse wave reflecting from the interface 
of the transducer/sample and arriving back at the surface of the sample. Using the acoustic wave 
velocity of the transducer, the transducer thickness at any point on the sample can be calculated. 
It can be calculated using 𝑑𝑑 = 1
2
𝑡𝑡𝑣𝑣𝑠𝑠 , where 𝑣𝑣𝑠𝑠 is the acoustic velocity in the film transducer, and 
𝑡𝑡 is the time between echo peaks. For aluminum, 3nm is added to this value to account for the thin 
layer of oxidation present on the transducers. The thickness of the transducer is one of the most 
sensitive parameters in the model analysis, and so knowing it accurately is important to get good 
results using TDTR. 
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The transducers are applied through a film sputtering technique. Samples are loaded into a 
vacuum that is brought down to a pressure on the order of 10−8 Torr. The chamber is brought up 
to 1 mTorr with Argon to sputter.  The film’s thermal conductivity is characterized by measuring 
its electrical resistivity using a four-point probe technique and then applying the Wiedemann-Franz 
law to find its thermal conductivity. 
2.2 Mapping Method 
Many of the measurements in this thesis are carried out using a mapping technique. This 
technique involves running the TDTR model for a constant time delay to find how the thermal 
conductivity is related to the ratio of a given set of parameters. For small ranges of thermal 
conductivity, this relationship is linear, but for larger ranges of thermal conductivity, the 
relationship takes on a quadratic form. 
Mapping data is collected holding the pump beam at a constant time delay and moving the 
sample in small steps, and recording the ratio at each position. The time delay is chosen based on 
which time delay gives the maximum sensitivity to the thermal conductivity of the sample at hand, 
usually by reducing the sensitivity of the measurement to parameters other than the thermal 
conductivity. Typically, the parameter whose influence on the measurement can be lessened the 
most is the interfacial thermal conductance between the transducer and sample. 
Before mapping, a trial measurement is taken near the mapping area to get the thickness of 
the transducer and the interfacial thermal conductance. These values are input into the model, and 
a curve is generated for the relationship between the ratio and the thermal conductivity of the 
sample. During mapping, the voltage measured by a photodiode detector is also recorded, and is 
used to eliminate measured points on the map which are under 90% reflectance. Areas of the 
sample that are not reflective enough can give false values for the thermal conductivity of the 
sample. 
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CHAPTER 3 
CRYSTALLINE SIC THERMAL CONDUCTIVITY 
In this work, I develop a procedure to clean and measure the thermal conductivity of a 4H 
and 6H crystalline SiC wafer using TDTR.  Raman spectroscopy is used to identify the polymorphs 
of the samples at hand. The 6H SiC wafer is implanted with various fluences of He ions, and the 
thermal conductivity is measured via TDTR mapping for each. 
3.1 Raman Spectroscopy Identification 
Two samples of SiC – one from TankeBlue, and the other from an unknown SiC retailer, 
found in our lab and used from past experiments - but each were of unverified polymorph. Before 
preparing for TDTR measurements, Raman data was taken of them. The Raman spectra were taken 
with a Nanophoton Raman-11, using its 532 nm laser mode. Profiles were recorded at 50 mW for 
5 second increments. The wave modes studied are folded transverse optical (FTO), folded 
transverse acoustic (FTA), folded longitudinal optical (FLO), and folded longitudinal acoustic 
(FLA). Transverse modes are those that involve atomic movement parallel to the direction of wave 
propagation, while longitudinal modes involve atomic movement perpendicular to the direction of 
wave propagation. Optical variants are modes where the atoms are moving apart from one another, 
while acoustic variants are modes where the atoms are moving with one another. One sample 
demonstrated the Raman spectra of a 4H polytype, with FTO modes at 782 cm−1 and 797 cm−1, 
folded longitudinal optical FLO modes at 837 cm−1and 970 cm−1 , an FLA mode at 608 cm−1 , 
and an FTA mode at 264 cm−1. The FTO mode at 782 cm−1 and the FLO mode at 970 cm−1 are 
the only two peaks which are not within the margin of error for standard 4H polytype Raman peaks. 
The other SiC wafer demonstrated the Raman spectra of a 6H polytype, with FTO modes at 788 cm−1 and 766 cm−1, an FLO mode at 966cm−1 , FLA modes at 505 cm−1 and 514 cm−1, and an 
FTA mode at 150 cm−1. All of this sample’s peaks are within the margin of error for a 6H polytype 
SiC wafer [25]. 
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Figure 3.1: Raman spectroscopy measurements of 6H and 4H crystalline SiC. Each were taken 
with a 532 nm laser. (a) 6H SiC Raman spectrum. (b) 4H SiC Raman spectrum. 
3.2 Experimental Procedure 
Preparation of these samples for TDTR consisted of submersing each in Acetone and 
vibrating it in an ultrasonic cleaner for 5 minutes, followed by spraying them with IPA. A ~70nm 
film of Al was then deposited onto them. However, TDTR on these samples measured an 
interfacial conductance between the Al film and the SiC wafer to be approximately 40 MW m-2 
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K-1. Because of the high thermal conductivity of SiC, the interfacial conductance was much more 
sensitive to the model than the SiC thermal conductivity, making it difficult to measure well. 
The picosecond acoustic data from the Al/SiC interface was uneven, rather than a clean 
peak. This was an indicator that there may have been an additional substance at the interface 
besides the Al and SiC [26]. Substances at the interface are of large concern for TDTR 
measurements, as I cannot take into account their thermal conductivity or heat capacity to properly 
account for them in the modeling. In order to ensure a highly clean interface, the samples had the 
Al transducer polished off of them and the same cleaning steps were repeated, but with the 
additional step of heating the wafers to 400°C at a rate of 15°C per minute in air and immediately 
removing them, before sputter depositing the Al transducer. Using this method, the interfacial 
thermal conductance was found to be high enough at around 180 MW m-2 K-1  to have the 
measurements sufficiently sensitive to the thermal conductivity of the wafers. The volumetric heat 
capacity of SiC used for these measurements is 2.21x106 J cm−3 K−1 [27]. 
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Figure 3.2: TDTR ratio data collected on the same sample before and after it is properly cleaned. 
(a) Short time delay data with an unclean interface. The interfacial thermal conductance for this 
sample was 40 MW m-2 K-1. Rather than having a clear peak, it first dips down before peaking up. 
(b) TDTR data and fits for the same sample, with different interfacial thermal conductances. The 
unclean interface had a thermal conductance of 40 MW m-2 K-1, and after annealing the sample to 
400°C, the interfacial thermal conductance went up to 170 MW m-2 K-1. 
3.2.1 Thermal Conductivity 
The high thermal conductivity of crystalline SiC results in a long diffusive length that can 
be estimated using equation 4.1. 
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𝐿𝐿 = �2𝜋𝜋𝜋𝜋
𝜔𝜔0
  (4.1) 
Where 𝐿𝐿  is the diffusive length, 𝜔𝜔0  is the modulation frequency and 𝛼𝛼  is the thermal 
diffusivity. It is possible that the high thermal conductivity could cause the TDTR model to stop 
being one dimensional, and so to avoid that a large spot size of 10.5 µm was used, along with a 
high modulation frequency of 9.9 MHz. However, due to the large spot size, the out of phase signal 
in the measurement, which roughly represents the heat present in the sample during measurement, 
is prone to being very low, which can make the ratio noisy. Therefore, a high laser power is needed 
for measuring high thermal conductivity samples with a large spot size. Typically, I try and keep 
the pump and probe beam at equal powers, which is ideal for getting the best signal out of most 
measurements. However, our photodiode detector is nonlinear for powers above approximately 10 
mW, and so I also keep the probe power at a maximum of 8 mW, and for these measurements, a 
pump power of 8 mW proved too low to get an adequate signal. Instead, a pump power of 40 mW 
was used, for a total of 48 mW of laser power. Even at 48 mW of power, with the SiC having an 
estimated thermal conductivity of 300 W m-1 K-1 , the steady state heating of the sample is <1 K, 
and so no adverse effects are present for using this high power. 
 
Figure 3.3: Data and fits for 4H and 6H SiC. The 6H data was fit with an interfacial thermal 
conductance of 120 MW m-2 K-1, and the 4H was fit with an interfacial thermal conductance of 
170 MW m-2 K-1. 
Using these parameters, the 4H SiC wafer was calculated to have an interfacial thermal 
conductance of 170 MW m-2 K-1 and a thermal conductivity of 270 W m-1 K-1, and the 6H SiC 
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wafer had an interfacial thermal conductance of 120 MW m-2 K-1 and a thermal conductivity of 
360 W m-1 K-1 . 
3.2.2 He Implanted Sic Thermal Conductivity 
The 6H SiC wafer was implanted with He ions at 300°C at fluences of 0.016, 0.08, and 
0.16 nc/µm2. The samples were cleaned only by spraying them with IPA, and were not heated in 
order to not disturb the implanted He ions. The He implanted areas were TDTR mapped at 1 µm 
resolution. In trial TDTR measurements, the interfacial thermal conductance was calculated to be 
80 MW m-2 K-1, which is slightly lower than I had expected. However, the picosecond acoustic 
echo of the Al transducer had a sharp peak, indicating that the interface was clean. Though the 
interfacial thermal conductance is low compared to its values for un implanted SiC crystals, 
because the implanted area thermal conductivity is so low, the measurement is much more 
sensitive to the implanted SiC area than the interface’s thermal conductance. Averaging the 
mapping data together, it was found that the thermal conductivity of the sample at 0.016 µC µm−2 
was 13 W m-1 K-1 , at 0.08 µC µm−2 it was 2.8 W m-1 K-1 , and at 0.16 µC µm−2 it was 2.2 W m-1 K-1 . 
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Figure 3.4: Thermal conductivity mapping and profile of a 20x20 µm He implanted region of a 
6H SiC wafer. The fluence of the implanted region is 0.016 µC µm−2 . (a) Photo of the He 
implanted region of the SiC wafer. (b) A 20x20 µm thermal conductivity map of the He implanted 
region, taken at 1 µm steps. Time delay was set to 𝑡𝑡 = 150 ps, heat capacity was C = 2.21 J cm-3 K-1 , and the interfacial thermal conductance for this region was 80 MW m-2 K-1 . (c) Thermal 
conductivity profile of the implanted region. 
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Figure 3.5: Thermal conductivity of 6H SiC implanted with He ions at 300°C at fluences of 0.016 
µC µm−2, 0.08 µC µm−2, and 0.16 µC µm−2 measured at room temperature. The heat capacity 
used for calculations was 2.21 J cm-3 K-1 , and the interfacial thermal conductance between 
transducer and sample was 80 MW m-2 K-1. 
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CHAPTER 4 
SIC/SIC COMPOSITE MEASUREMENTS 
Here TDTR is used to measure the thermal conductivity of the fiber, matrix, and interphase 
of a SiC/SiC composite. A process for creating high resolution thermal conductivity maps of the 
composite and detect small scale fluctuations in the thermal conductivity of the matrix, as well as 
observe how the thermal conductivity is altered at the matrix/fiber interface, is presented. And the 
thermal conductivity of the interphase material, despite it having a thickness of only 270 nm, and 
an area of ~4 µm, is measured. TDTR mapping is used on the composite components once more 
at elevated temperatures and find how its thermal conductivity falls off with increasing temperature. 
4.1 Composite Structure 
The measured SiC/SiC composite uses Hi-Nicalon Type S fibers and a CVI matrix. The 
fibers have an average diameter of 10 µm. The interphase material is composed of 5 pyrolytic 
carbon (PyC) layers, where the first is 40 nm and each subsequent layer is 10 nm, with 50nm SiC 
layers in between each. Because TDTR requires that the measured samples have a very high (>90%) 
reflectance, the was mechanically polished using a diamond polishing pad, with a grain size of 0.1 
µm. It was then cleaned sprayed with IPA before a 90 nm thin film of Al was sputter deposited 
onto it. However, with this preparation method I found that the interfacial thermal conductance 
between the Al film and sample was too low, at around 40 MW m-2 K-1  , making the 
measurement’s sensitivity to the thermal conductivity of the SiC too small to accurately measure. 
Additionally, the Al/SiC acoustic echoes were spread out, possibly indicating an unclean interface 
[26]. To ensure a high interfacial thermal conductance, the above procedure was repeated but with 
the added the step of heating the sample up to 400°C at a rate of 15°C per minute I air and 
immediately removing it from the heat, just before coating with an Al transducer, in order to 
clear away potential lingering organic material from the sample. With this added step, the typical 
interfacial thermal conductance went up to 180 MW m-2 K-1. 
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Figure 4.1: Detail of structure of a SiC composite and its interphase. (a) SEM picture of the Hi-
Nicalon type S fibers from a SiC composite. The interphase is clearly present. (b) Schematic of 
structure of the interphase material structure, consisting of 40nm pyrolytic carbon (PyC), followed 
by four repeating units of 50nm Sic/10nm PyC. 
4.2 Experimental Procedure 
Measurements are carried out with the laser set to 783 nm, and a modulation frequency of 
10.5 MHz. A 20x objective lens is used, for a beam diameter of 2.9 µm. Additional measurements 
were carried out with a spot size of 5.3 µm, and comparable results when using the 2.9 µm spot 
size were found. For these measurements, an Al transducer of ~75 nm thickness was used. A 
volumetric heat capacity of 2.21x106 J cm−3 K−1 was used for the composite.  
For mapping measurements, a time delay of 150 ps was selected. Across many standard 
TDTR measurements on a range of areas on the sample, an average interface thermal conductance 
of 150 MW m-2 K-1  was found, and was used for all mapping calculations. 
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4.2.1 RLC Filters for Long Length Experiments 
Mapping measurements that took place over a long period of time were subject to laser 
drift. The wavelength of the laser tended to drift at a rate of approximately 1 nm / hour, causing 
significant shifts in the power of the probe and pump beams, causing the phase that was set prior 
to the measurement to be set incorrectly. The ratio was heavily affected by this phase shift, and 
data in longer mapping measurements had to be entirely discarded due to it. 
To help fix this, new RLC filters were produced with a lower Q value than the filters that 
had been being used (Q=~10). Reducing the Q of this filter reduces the size of the phase errors in 
the experiment. Because one of the filter’s purposes is to filter out upper harmonics in the TDTR 
measurements, the Q value cannot be arbitrarily low. Additionally, TDTR signals are generally 
very weak, and using a filter with a moderate Q is essential for getting a good signal to noise ratio. 
Multiple RLC filters were made, each tuned to approximately 10 MHz, and their signal to noise 
ratio were tested by setting the lock-in phase so that all of the signal was present in Vin, and 
dividing that by the lock-in measured noise for Vin.        
 
Figure 4.2: The signal to noise ratio obtained for various filters of quality Q. The dashed line is 
an asymptotic fit of the data, showing that the maximum S/N ratio for the TDTR setup is 83. 
Because of the small spot size used for these measurements, I could use a relatively low Q 
value of 4.6 while still getting the maximum s/n ratio achievable by the experimental setup. This 
filter had a frequency of 10.5 MHz, making the upper -3 dB point 12.8 MHz, well below the second 
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harmonic. Using this filter allowed for mapping times of up to 1.5 hours, with no errors caused by 
phase shifting.  
4.2.2 Mapping the Matrix 
The matrix had large areas with a consistent thermal conductivity value, though from area 
to area the consistent value varied. Data within these consistent areas were averaged together and 
recorded. Taking data in this way, it was found that the matrix varied between 50 W m-1 K-1 and 
90 W m-1 K-1.  
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Figure 4.3: TDTR data fits for the thermal conductivity of the SiC/SiC composite components 
and the ratio of the in-phase and out-of-phase voltage as a function of thermal conductivity. (a) 
Data and TDTR model fits for all mapped areas of the SiC/SiC composite, using a spot size of 𝜔𝜔𝑜𝑜 
= 2.9 µm. (b) Calculated ratio values for 𝑡𝑡 = 150 ps, a spot size of 𝜔𝜔𝑜𝑜 = 2.9 µm and a heat capacity 
of 𝐶𝐶=2.21 J cm-3 K-1. The Al transducer had a thickness of 74.3 nm and a thermal conductivity of 
176 W m-1 K-1. 
21 
 
Figure 4.4: Thermal conductivity mapping of a 30x120 µm region of a SiC/SiC composite. (a) An 
SEM image of the measured region of the SiC/SiC composite. (b) A thermal conductivity map of 
a region of the SiC/SiC composite, taken at 1 µm steps. The time delay is 150 ps, the heat capacity 
of the SiC is 2.21 J cm-3 K-1, and the spot size is 𝜔𝜔𝑜𝑜 = 2.9 µm. (c) A cross section of the thermal 
conductivity map. At 18 µm, the sharp peak downwards is where the interphase is present. 
4.2.3 Mapping the Fibers 
Nearly all fibers had a consistent thermal conductivity amongst one another. Each fiber 
had its mapping data averaged together to get a single number per fiber in a map. These numbers 
were then averaged together, giving a net average thermal conductivity of 17.8 W m-1 K-1 with a 
root mean square variation between fibers of 1.1 W m-1 K-1. A fiber which was polished so that it 
was perpendicular to the surface of the composite was also mapped. The thermal conductivity 
seems to linearly decrease towards the center of the fiber. This lower core thermal conductivity 
appears to be due to how the fibers are manufactured, with a highly graphitic core. 
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Figure 4.5: A micrograph, thermal conductivity map, and profile of a fiber oriented perpendicular 
with the surface of a SiC/SiC composite. (a) Image taken of the fiber from the CCD camera present 
in the TDTR table setup. The laser spot is present to the left of the fiber. (b) A 30x30 µm thermal 
conductivity map, taken at 0.5 µm steps. The spot size is 𝜔𝜔𝑜𝑜= 2.9 µm, and the heat capacity is 2.21 J cm-3 K-1. (c) A cross section of the fiber, clearly showing a drop in thermal conductivity near the 
center of the fiber at 17 µm. 
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4.2.4 Measuring the Interphase 
To measure the thermal conductivity of the interphase, a new thermal model is needed. 
Instead of using the heat capacity of SiC, a weighted heat capacity for the interfacial material was 
used for the interphase material. The total thickness of the interphase is 240 nm, with 160nm of 
SiC and 80nm of Pyrolytic carbon. The weighted heat capacity used is 2.04x106 J cm−3 K−1, 
based on the SiC having a volumetric heat capacity of 2.21x106 J cm−3 K−1 and the PyC having 
a volumetric heat capacity of 1.63x106 J cm−3 K−1 [28]. 
To measure the interphase, locations on the composite where fibers had been pulled out 
during the polishing process were found. At the end of the divot that the pulled fibers left behind, 
a small section of the interphase is present and polished at the surface of the sample. If the angle 
of the fiber to the polished surface of the matrix was shallow enough, then this area would be large 
enough to get an accurate measurement using the 2.9 µm laser. It was found that a fiber angle 𝜃𝜃 =5 degrees was needed for there to be a usable interphase surface area of 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑝𝑝ℎ𝑎𝑎𝑠𝑠𝑖𝑖 ≈ 4 µm, which 
is large enough for the laser spot of 2.9 µm. According to micrographs taken of the sample, many 
of the fibers had a slope of 5 degrees or smaller. 
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Figure 4.6: Diagram and a thermal conductivity map of an interphase of the fiber. (a) A diagram 
showing a cross section of the SiC/SiC composite where a fiber has been pulled out of the matrix. 
According to the geometry of these regions, the average angle of the fibers to the surface has been 
determined to be 5 degrees, which creates an interphase area of ~4 µm. (b) A micrograph of a 
pulled fiber. (c) A thermal conductivity map of the region at the end of a fiber that has been pulled 
out of the matrix. Circled is the area where full TDTR measurements were taken. Spot size is 𝜔𝜔𝑜𝑜= 
2.9µm, time delay t = 150 ps, and heat capacity C = 2.21 J cm-3 K-1. 
Once a divot where a suitable area of polished interphase was thought to be was found, the 
area was mapped to see if it was a good candidate for a standard TDTR measurement. To be a 
good candidate, it had to have a large enough area of consistent thermal conductivity so that the 
sample could be offset in 0.5 µm in all directions without showing a significant change (<90%) in 
thermal conductivity Once such an area of interphase was found, a full TDTR measurement was 
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taken at the center of the area. The thermal conductivity of the interphase measured in this way 
was determined to be 5.9 +- 1.0 W m-1 K-1 . 
4.2.5 High Temperature Measurements 
To investigate how the thermal conductivity of the sample changed at elevated 
temperatures, similar measurements were taken for the fiber and matrix at 300°C. Because the 
heating stage was too heavy for the sample stage, when doing elevated temperature measurements 
the objective lens was moved instead of the sample. This setup made it difficult to do very precise 
measurements, and so the interphase of the composite was not measured at an elevated temperature. 
The aluminum transducer was used at 250°C, with a volumetric heat capacity of 2.76x106 J cm−3 K−1 . The Wiedemann-Franz law was used again to calculate the thermal 
conductivity at the elevated temperature. Similar mapping procedures as the ones described above 
were done on the composite to get averages of the matrix and fiber thermal conductivities. At 
250°C, the fiber was found to have Λ=16 W m-1 K-1 . Three distinct matrix areas were tested, and 
their thermal conductivities are room temperature and 250°C tracked. One area went from Λ=86 W m-1 K-1 at room temperature to Λ=61 W m-1 K-1 at 250°C; another from Λ=73 W m-1 K-1 at 
room temperature to Λ=47  W m-1 K-1  at 250°C; and another from Λ=56  W m-1 K-1  at room 
temperature to 40 W m-1 K-1 at 250°C. 
For these measurements, I estimate the matrix values to have an uncertainty of 20%, while 
the fiber values have an uncertainty of 10%. The matrix values have a higher uncertainty because 
their higher thermal conductivity results in the transducer and interface having a greater influence 
on the measurements than they do on the fiber measurements, resulting in a lower sensitivity for 
the measurement of the thermal conductivity of the matrix. 
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Figure 4.7: Thermal conductivity measurements taken of the fiber and matrix of a SiC/SiC 
composite, at room temperature and 250°C. The transducer used was Al. Lines between points of 
data connect identical regions of the matrix where measurements were taken. The error bars for 
the matrix measurements represent a 20% uncertainty, and the error bars for the fiber represent a 
10% uncertainty. 
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APPENDIX A 
HYBRID SUPERLATTICE THERMAL CONDUCTIVITY 
A thermoelectric generator’s efficiency can be characterized by its figure of merit, given 
by 𝑍𝑍𝑇𝑇 = 𝑆𝑆2𝜎𝜎𝜎𝜎
𝑘𝑘
 [1]. For a device to be high-performance, it is most beneficial for it to have a low 
thermal conductivity while maintaining a high electrical conductivity. Pressed stack devices have 
risen in popularity in recent years, as they have a low thermal conductivity, but can maintain their 
electrical conductivity. To keep the electrical conductivity high, the devices manufactured are 
small, which makes it difficult to measure their thermal conductivity by traditional means. TDTR 
here can be used to measure the ultra-low thermal conductivity that these devices have. In addition, 
the devices tend to be very uneven, rather than flat. Mapping is used to help average together all 
available points of data on a device, since standard TDTR measurements are unreliable. Finally, a 
variable modulation frequency is used to probe how the thermal conductivity changes in one 
device vertically, through the stack, and show that its thermal conductivity decreases as more of 
the stack is measured. 
A.1 Structure and Composition 
Two rolled up hybrid superlattices (HSL) are investigated: one which uses Cr (5nm) and 
Au(50nm) as its reflection layer, and one which uses a UH polymer as its reflection layer. The 
reflection layer of an HSL is the layer which connects with itself once the device has been rolled 
and pressed [2]. The Cr and Au reflection layer HSL (AuHSL) uses 20nm In0.2Ga0.8As and 30nm 
GaAs, and the UH Polymer HSL (PHSL) uses 20nm In0.2Ga0.8As and 70nm GaAs.  
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Figure A.1: Schematics of two variations of hybrid superlattices.  
The devices were rolled and pressed using a modern compression technique, discussed in 
[3]. After being compressed into planar devices, both PHSL and AuHSL had 10 layers of repeating 
structure. For AuHSL, which have a total layer thickness of 105 nm, the total thickness of the stack 
is 1050 nm, and for PHSL, which had a total layer thickness of 100 nm, the total thickness of the 
stack is 1000 nm. Examples of other similar devices from the same group can be found in [2]. 
Three variations of AuHSL were measured. One which was not annealed, one which was 
annealed at 250°C, and one which was annealed at 300°C.  
A.2 Experimental Procedure 
For these measurements, a NbV transducer was utilized. The NbV transducer was found to 
be superior to Al for measuring the in-plane thermal conductivity of samples, which was a 
parameter I was interested in measuring for these samples. The NbV has a thermal conductivity of 
18, and a volumetric heat capacity of 2.65x106 J cm−3 K−1. Its thickness was ~75nm. 
The metal oxide stacks are modeled using a volumetric heat capacity of 2.14x106 J cm−3 K−1 and the polymer stacks were modeled with a volumetric heat capacity of 1.84x106 J cm−3 K−1, each taken by averaging together the constituent components’ weighted 
heat capacities. The model used for TDTR analysis is just the NbV transducer, the interface, and 
an effective layer that encompasses the entirety of the device. Trial measurements calculated the 
interfacial thermal conductance to be low, at about 25 MW m-2 K-1. This is much lower than the 
value I am typically looking for of >160 MW m-2 K-1, however the thermal conductivity of the 
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devices are low enough (<2 W m-1 K-1 ) that it does not have a large influence on the thermal 
conductivity measurement. The modulation frequency used for the measurements is 9.9 MHz, and 
the powers used were 2 mW probe and 2 mW pump, creating a maximum steady state temperature 
rise on the samples of 8 K for samples that were at 2 W m-1 K-1. 
Initial measurements on the stacks were too inconsistent due to their uneven surface, and 
so a mapping approach was utilized to quickly average together the entirety of a device and to 
eliminate bad measurement areas. Before mapping, the thermal conductivity of the exposed GaAs 
was measured and compared to the accepted literature value of 43 W m-1 K-1 . As in other 
measurements, areas on the device with <90% reflection were discarded (a 100% reflection 
baseline was assumed to be where the undisturbed GaAs was located). In these samples, there 
areas where the detector voltage was increased compared to what it was on the GaAs. These areas 
are also too uneven to be a trustworthy source of thermal conductivity data, and so areas where the 
detector voltage was >130% from the baseline were discarded. 
All mapping data uses a thermal conductance of 25 MW m-2 K-1. The mapping resolution 
taken on these samples was 2 µm. 
A.2.1 TDTR Mapping 
Device Device Λ (W m-1 K-1) 
AHSL, not annealed 2+-0.6 
AHSL, 250°C 0.45+-0.06 
AHSL, 300°C 1.4+-0.9 
  
PHSL, UH Polymer 0.3+-0.1 
PHSL, PEDOT 0.14+-0.06 
 
Table A.1: Summary of measurements of measured superlattices, including their rolled and 
compressed forms. 
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Figure A.2: Micrograph and TDTR map of an AHSL device. (a) Photo of the device taken from 
the camera present in the TDTR setup just prior to measurement. (b) Thermal conductivity map of 
the AHSL device, using a time delay of 120 ps, a heat capacity of C = 2.14 J cm-3 K-1, and an 
interfacial thermal conductance of 25 MW m-2 K-1 . Exposed GaAs is present above the 
superlattice, and is measured as the value of 43 W m-1 K-1. 
Due to the nonuniformity of the devices from the pressing method used, the error of the 
thermal conductivity varies widely. The thermal conductivity of the non-annealed AHSL was 2+-
0.6 W m-1 K-1 , the 250°C annealed HSL was 0.45+-0.06 W m-1 K-1 , and the AHSL annealed at 
300°C had a thermal conductivity measured to be 1.4+-0.9 W m-1 K-1 . 
The polymer reflection layer HSL devices had a much lower thermal conductivity than did 
the AHSL devices. The UH Polymer PHSL had a thermal conductivity of 0.3+-0.1 W m-1 K-1 , 
and the PEDOT HSL had a thermal conductivity of 0.14+-0.06 W m-1 K-1 . 
34 
 
A.2.2 Thermal Conductivity at Varying Thermal Penetration Depths 
By altering the modulation frequency of the TDTR EOM, how the structure of the device 
affects the thermal conductivity vertically, through the stack, can be investigated. By using a high 
modulation frequency, the resulting thermal conductivity measurement represents an effective 
thermal conductivity that accounts smaller amount of the stack than if I used a low modulation 
frequency. By lowering the modulation frequency, more of the device stack can be brought into 
the effective measurement, and so how the addition of additional layers in the device brings down 
the effective thermal conductivity of the device can be investigated. 
Mapping data was taken for frequencies ranging from 3.3 MHz to 14.2 MHz, providing 
information through the stack from 210 nm to 770 nm. At longer penetration depths, the thermal 
conductivity dropped due to the experiment including extra interfaces into the measurement. At a 
penetration depth of 210 nm, Λ=1.6 W m-1 K-1 , at 450 nm, Λ=1.2 W m-1 K-1, and at 770 nm, 
Λ=1.0 W m-1 K-1. 
 
Figure A.3: Thermal conductivity of the superlattice vs the penetration depth of the measurement. 
The penetration depth was calculated using  𝐿𝐿 = �2𝜋𝜋𝜋𝜋
𝜔𝜔0
, where 𝜔𝜔0 is the modulation frequency 
used and 𝛼𝛼 is the thermal diffusivity. Increasing the thermal penetration depth for the superlattices 
tends to decrease the measured thermal conductivity. 
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APPENDIX B 
INFRARED DEVICE THERMAL CONDUCTIVITY 
Recently, devices which can be used to detect and image infrared radiation have gained 
interest for use in a spectrum of applications. These devices operate by vibrating in sync with 
incoming radiation and outputting those vibrations into a circuit for readout. In particular, 
Aluminum Nitride variations have recently been explored [1]. However, these devices come with 
heat management issues. Increasing temperatures cause the resonant frequency of such devices to 
change [2], and for low-noise detection, a high temperature coefficient of frequency is desired [3]. 
To correctly model such devices before fabrication, an understanding of the thermal conductivity 
of the assembled devices is most useful, rather than relying on bulk thermal conductivity values 
of its constituent components. 
The use of TDTR allows one to gather thermal properties of such assembled devices. In 
this work, I collect the thermal conductivity of sub-micron thin AlN present in an infrared 
measurement device, as well as the thermal conductivity of the device taken as a whole. Beam 
offset measurements are also performed to ascertain the in-plane thermal conductivity of the device. 
B.1 Device Structure 
Two principal structures are investigated in this work, each manufactured with the same 
conditions and parameters. A Si wafer serves as the substrate, on which a Pt electrode is applied 
as per the specifications of the device requires. After this, an AlN plate is deposited across the 
entire wafer. Then, an Al electrode is defined on top of the AlN plate. 
 
Figure B.1: Schematics of two variations of the measured infrared detector device. 
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One device was manufactured with 75nm Pt, 230nm AlN, and 55nm Al, while the other 
has an added 5nm Ti below 80nm of Pt, with 500nm AlN and 80nm Al on top. In use, these devices 
also have the Si wafer below them removed so that it is suspended in air. However, performing 
measurements on the suspended devices resulted in a low laser power threshold for damaging them 
due to the low thermal conductivity of air, and accurate measurements were unable to be taken. 
The measurements carried out in this work were done on devices with the Si substrate intact, so 
that a higher power beam could be used. 
B.2 Experimental Procedure 
For the device with 230 nm AlN, a weighted heat capacitance of 2.64x106 J cm−3 K−1was 
used. For the device with 500 nm AlN, a heat capacitance of 2.46x106 J cm−3 K−1 . I was 
interested in ascertaining the thermal conductivity of the device has a whole unit, including the Al 
layer on top. Therefore, an Aluminum transducer was not an option. Instead, an NbV transducer 
was selected, with a heat capacitance of 2.65x106 J cm−3 K−1 and a thickness of 60 nm. NbV was 
also selected over other alternatives because of its superior quality for measuring in-plane thermal 
conductivity, which is a relevant property for this device. 
B.2.1 Device Thermal Conductivity 
In these devices, AlN, the thickest layer, will be the primary heat carrier of the device. 
Therefore, while it is interesting to get a picture of the effective thermal conductivity of the device, 
it is also useful to know the thermal conductivity of the AlN alone. Because of how these devices 
were manufactured, it was easy to find areas on them which were only AlN on top of the Si 
substrate. AlN has a heat capacity of 2.41x106 J cm−3 K−1. Using both devices, measurements of 
230 nm and 500 nm AlN were taken. Measurements were taken with a 5x objective lens, so 𝜔𝜔𝑜𝑜= 
10.6 µm. The interfacial thermal conductance of the measurements was 200 MW m-2 K-1.  
The thermal conductivity of AlN significantly decreases when very thin compared to its 
bulk value of 320 W m-1 K-1 [3][4]. 
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Figure B.2: As AlN thins, its thermal conductivity drops dramatically from its bulk value of 220 W m-1 K-1 . In this work, I measured the thermal conductivity of AlN at 220 nm and 500nm. 
Thermal conductivities from other published papers confirm that these values are reasonably 
similar to past work measuring similar thicknesses of AlN. 
 Measurements were then taken on the full Al/AlN/Pt stacks. Because of the narrow width 
of the Al electrodes, a 10x objective lens was used (𝜔𝜔𝑜𝑜 = 5.3 µm) to fit the laser spot onto the Al 
electrode. The device was not thermally thick, and so the Si substrate is included in the model, 
along with an interface between the device and Si. The entire model is NbV/device/Si, where “/” 
is an interface. The Si was modeled with a heat capacity of 1.64x106 J cm−3 K−1 and a thermal 
conductivity of 146. 
 
 
 
 
 
 
Table B.1: Summary of measurements taken on the infrared detector devices. All numbers are in W m-1 K-1. 
 
 
Device AlN Λ Through-plane Λ 
 
In-plane Λ 
230nm AlN device 8.8 12 
27 
500nm AlN device 33 23 
66 
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B.2.2 In-Plane Measurements 
To get a sense of the in-plane thermal conductivity of these devices, beam offset 
measurements on the device were performed. For these measurements, a 20x objective lens is used 
to increase the sensitivity of the measurement. In offset beam measurements, one beam is held still 
while the other sweeps horizontally or vertically over the still beam. By using the ratio of the beam 
over the sweep, the in-plane thermal conductivity can be ascertained [5]. The analysis is carried 
out with the full-width half maximum (FWHM) of the out-of-phase signal at a negative time delay.  
First, the spot size of the lens is identified by setting the time delay to +50 ps and then 
recording the in-phase signal while offsetting the beams. The spot size is used as input into the 
calculation for the FWHM of the out of phase signal at a negative time delay. For this measurement, 
a -10ps time delay as used. Using the known thermal properties of the device and transducer, and 
the beam radius from the positive time delay measurement, the device in-plane thermal 
conductivity is varied until the FWHM which was measured is found. Using this method, I found 
the 230nm AlN device to have an in-plane thermal conductivity of 26.5 W m-1 K-1 , and the 500nm 
AlN device to have an in-plane thermal conductivity of 66.4 W m-1 K-1 . In previous 
measurements of the in-plane thermal conductivity of AlN films, the thermal conductivity did not 
increase by such large amounts [3]. The large gains in thermal conductivity for these devices can 
be attributed to the small distances separating the interfaces from one another. The many interfaces 
such a short distance apart from one another present in the devices make in-plane heat transfer 
much faster than through-plane heat transfer [6]. 
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Figure B.3: Beam offset measurement data for measuring the in-plane thermal conductivity of the 
infrared detector devices. Open circles are Vin data taken at +10ps, used to determine the spot size 
of the laser. Closed circles are Vout data taken at -50ps, used to calculate the in-plane heat 
spreading of the sample. 
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